being developed for use by a broad spectrum of researchers to predict energetic particle intensities and radiation exposures at any location in deep space. In this work we demonstrate the capabilities of the module for performing analyses of time-dependent exposures from solar energetic particle events at various locations in space by calculating cumulative dose and dose equivalent, and their time rates of change, for the skin and bone marrow of crew members shielded by as much as 10 g/cm 2 of aluminum shielding for the Halloween events of late October 2003.
Introduction
Risks to flight crews and instruments from Solar Energetic Particle (SEP) events and Galactic Cosmic Rays (GCR) are a major concern in planning for longduration manned missions. The central objective of the Earth-Moon-Mars Radiation Environment Module (EMMREM) is to develop a numerical model for completely characterizing the time-dependent radiation environment in the EarthMoon-Mars and interplanetary space environments. The main challenge in EMMREM is to develop flexible interfaces between the models and observations made in the space science community to assess the radiation environment. We have currently developed a first version of the EMMREM system (Schwadron et al., 2006 .
This estimation and warning ability is currently well supported for different locations on and close to Earth for numerous Solar Energetic Particle (SEP) events.
However estimation of the radiation environment around the Moon, Mars, and other bodies, as well as throughout the Solar system is not currently supported for SEP events. Such ability is pivotal for the future development in space, and planned human exploration of the Moon and Mars in the next decades. Propagation of the radiation environments from measurement locations near Earth to other locales in the heliosphere is accomplished using the EPREM module in EMMREM. Details of the EPREM module are presented elsewhere .
With the initial setup of the EMMREM framework in place, we performed Observations at 1 AU were obtained from the Space Environment Monitor (SEM) subsystem on board the Geostationary Operational Environmental Satellite (GOES-11). SEM provides magnetic field, energetic particle, and soft X-ray data.
Reported here are the hourly averaged proton intensities measured by the energetic particle sensor (SEM/EPS) [Sauer, 1993] .
In the next section, a brief overview of the EMMREM module framework is presented. This is followed by a discussion of methods used to estimate radiation doses and dose equivalents from the incident space radiation environment. Results of radiation exposure estimates for the 26 October 2003 solar energetic particle (SEP) event (Halloween event) are then presented and discussed as an example of the EMMREM framework capabilities. Finally, the paper concludes with a summary of the work presented. 
Operational Overview of the Current EMMREM Module

2-
The SPICE POSITIONS LOADER is generated by utilizing the CSPICE library of the NASA SPICE Toolkit. 
3-
4-EPREM OUTPUT includes observer time series of distribution function
spectra for various positions in the code (ASCII internal EMMREM format).
5-
The OUTPUT PARSER converts observer outputs from distribution function time series to flux time series for several energies.
6-
The BRYNTRN transport code uses Output Parser outputs as inputs (Hatcher, 2009) . BRYNTRN is a deterministic transport code written in FORTRAN 77, which is parallelized. The BRYNTRN is used to transport incident solar protons and their secondaries through aluminum spacecraft shielding and then through an additional quantity of water simulating human tissue. The BRYNTRN output contains dose and dose equivalent time series for different shielding depths and materials.
Radiation Dose and Dose Equivalent Calculation Methods
The outputs of the Output Parser for the incident proton spectra at each location for the October 2003 SEP event, shown below in Figure 2 , are transported through an aluminum shield and the simulated human geometry using a deterministic, coupled neutron-proton space radiation code, BRYNTRN, developed at NASA Langley Research Center. For this work, the incident proton spectra and their reaction products (neutrons, protons, 2 H, 3 H, 3 He and 4 He) are transported through up to 10 g/cm 2 of aluminum and then through an additional 10 g/cm 2 of water which simulates body soft tissue. One g/cm 2 of water is a reasonable substitute for the actual body self-shielding distribution associated with skin and eye exposures, and 10 g/cm 2 is reasonable for the blood forming organs (BFO) (Bier 1998 , Townsend 1999 , Lin 2009 ). These organ self-shielding substitutes were selected for use in order to test the ability of the EMMREM framework to carry out real-time calculations, for updated particle flux intervals as small as five minutes, during an actual event. These will be replaced in the future by realistic body organ self-shielding distributions (M.P. Billings et al., 1973) obtained from actual human geometry models. The transported particle fluxes are converted to dose and dose equivalent using the methods described in Wilson, et al. (1991 The results of the simulations are compared with the short-term permissible exposure limits (PELs) used by NASA for human activities in space (NASA 2007) .
These limits are shown in Table 1 . These exposure limits, which pertain to shortterm (e.g. acute) and career non-cancer effects are expressed in units of centiGrayEquivalent, which are obtained from the absorbed dose (D) as
where the absorbed dose is the average energy absorbed per unit mass in tissue (1 Gy = 1 J/kg), and the RBE (Relative Biological Effectiveness) is a multiplicative factor that should be applied (NCRP 2000) to account for the ability of some radiations to produce more non-cancer and acute biological damage than others for the same dose. RBE is defined as
Where D the dose of radiation of a particular type (protons or alphas for example) necessary to produce some biological end point (e.g., radiation sickness) and D X is the dose of a reference radiation (usually x-rays or gamma rays) needed to produce that same effect. RBE, as defined by Eq. (2) is a function not only of LET, but also of particle type, dose rate, dose levels, and the particular biological effect, such as acute radiation syndrome (radiation sickness) or chromosome aberrations, etc., being investigated. For SEP protons an RBE value of 1.5 is assumed, as recommended by the NCRP for proton induced acute exposure responses.
Results
Earth, Moon, and Mars observer results for the specified aluminum and water layers are presented. The proton energies for the input solar particle data are from 4 -500 MeV. Aluminum shielding areal densities, which simulate actual shielding used for manned space missions are: As expected, the predicted rates of skin and BFO dose and dose equivalent for the Earth observer rise and fall in the same pattern as the SEP fluxes as a function of time. The thicker the aluminum shielding, the lower the exposures, also as expected. The accumulated skin and BFO dose and dose equivalent results show increases for the higher exposure rates, and then the expected leveling off trends as the exposure rates decrease. Note that the 30-day skin dose limit is exceeded for aluminum shield areal densities corresponding to a spacesuit on day 302 (29 October) and for nominal spacecraft thicknesses on day 303 (30 October).
The BFO dose limits are exceeded for aluminum shield areal densities corresponding to spacesuit thicknesses on day 301 (28 October), and to nominal spacecraft and storm shelter thicknesses on day 302 (29 October). The latter, however, are not large enough to cause any acute radiation syndrome (radiation sickness) effects. Although the dose level for the skin is below its respective limit if the crewmember is inside the SEP storm shelter, the BFO limit is exceeded even if the crewmember is inside a storm shelter. Since there are no dose equivalent limits for individual organs, such as the skin or BFO, similar comparisons for dose equivalent are not made. 
CNS*** (Z≥10)
-10 25 *Lens limits are intended to prevent early (< 5 yr) severe cataracts (e.g., from a solar particle event). **Heart doses calculated as average over heart muscle and adjacent arteries. ***CNS (central nervous system) limits should be calculated at the hippocampus.
Turning our attention to the results for the Mars observer, which are displayed in Figures 7 through 10 , note that the 30-days skin dose limit is exceeded for this event at Mars for the spacesuit aluminum shield areal densities on day 303
(30 October). Note also that the 30-days BFO dose limit is exceeded for spacesuit shielding on day 306 (2 November). However, if the crewmember is inside a spacecraft or SEP storm shelter, then no dose limits are exceeded. The dose levels at the Mars observer are lower due to the lower particle fluxes at this location, relative to the fluxes experienced by the Earth and moon observers, who are closer to the sun.
Comparison of the peak dose rates and accumulated doses of October 2003 event with August 1972 event.
Estimates of peak dose rates and accumulated doses of protons in the skin and bone marrow, behind various thicknesses of aluminum shielding, for crews on space missions near 1 AU but outside Earth's magnetosphere were previously (2000) were only estimated for 1 AU, we will use the scaling factors obtained from EPREM for the October 2003 event to extrapolate the estimated peak dose rates and cumulative doses from Parsons and Townsend (2000) for the 1972 event from 1 AU out to a Mars observer using
Where D represents the peak dose rates (in cGy-equivalent per hour) or the cumulative doses (in cGy-equivalent) as appropriate, and X represents the numerical radial gradient factors from . The peak skin dose rate radial gradient scaling factor is X = 3.83 behind 1 g/cm 2 . The cumulative skin dose radial gradient scaling factor is X = 2.29. For the bone marrow, the peak dose rate radial gradient scale factor is X = 3.14 behind 1 g/cm 2 and the bone marrow dose radial gradient scaling factor is X = 1.88. Using R=1.4 AU for the Mars observer, the estimated peak dose rates for the August 1972 event at Mars behind 1 g/cm 2 are displayed in Table 2 . The cumulative doses are displayed in Table 3 . Note that the dose and dose rate values taken from Parsons and Townsend (2000) have been multiplied by 1.5 to convert them from cGy to cGy-equivalent. In the case of the 2003 event, the relative locations of the event on the solar disk were within ~20 degrees of heliolongitude for both Earth and Mars observers.
For the 1972 event, the relative locations of the event on the solar disk were separated by ~155 degrees for the two observers. Hence, the estimates of cumulative doses and peak dose rates for Mars from the 1972 event, based upon extrapolating using the radial gradients for the 2003 event, may be overestimates.
However, as mentioned previously in this section, determining whether or not this is the case is not possible with EMMREM due to the poor quality of spectral data for the 1972 event at high energies.
Conclusions
The EMMREM module is capable of characterizing the time dependent radiation environments at various locations in the solar system, and is capable of 
